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BUILDING THE MICROTUBULE CYTOSKELETON VIA MICROTUBULE NUCLEATION
================================================================

The mission of my lab is to understand how cells obtain their shape, position organelles, move materials, and segregate chromosomes during cell division. Each of these functions relies on a specific architecture of the microtubule (MT) cytoskeleton. Despite the central biological role of the MT cytoskeleton, it is not well understood how such a particular MT architecture is established in a cell. Moreover, we still lack a basic understanding of how a cell makes MTs in the first place, although their building block tubulin was discovered in the 1960s. To address these complex questions, my lab studies how the MT cytoskeleton is built, and pursues this subject by combining elements of cell biology, biochemistry, biophysics, structural biology, and engineering.

My lab's major achievements are the following: We recently solved the long-standing mystery of how MTs are nucleated in cells by identifying a novel MT nucleation factor that is part of the universal nucleation module ([Figure 1](#F1){ref-type="fig"}). Next, we uncovered how this MT nucleation module gets to the right location and is turned on at the right time to give rise to a cellular MT network in the context of spindle assembly. An important way to make spindle MTs and kinetochore fibers is by branching MT nucleation. Here, MTs originate in an exponential manner from preexisting MTs to create parallel MT bundles. This pathway is an ideal pioneering system, because 1) a preexisting MT is a far more tractable substrate than centrosomes or chromosomes, each of which consists of hundreds of proteins, 2) we had previously identified two essential protein factors, namely augmin and TPX2, and 3) we recently developed an assay system with which we can resolve individual MT nucleation events using *Xenopus laevis* egg extract, a visualization that is not directly possible in cells.

Branching MT nucleation requires the eight-subunit protein complex augmin, yet little was known about how it works at the time we began to investigate. Via in vitro reconstitution, we demonstrated that augmin is sufficient to target γ-TuRC along the length of MTs and is thus a direct targeting factor for γ-TuRC. While the mechanism and structure of the second branching factor, TPX2, was unknown, we established its domain organization and defined the minimal form of TPX2 that can stimulate branching MT nucleation. On the basis of separation-of-function mutations that leave the binding of TPX2 to **γ**-TuRC intact while abolishing branching MT nucleation, we suggest that TPX2 may act as an activation factor of **γ**-TuRC in this reaction. In addition to determining the portion of TPX2 required to activate γ-TuRC, we demonstrated that the rest of TPX2 regulates branching MT nucleation. Unexpectedly, this regulation occurs via a liquid--liquid phase separation (LLPS), which is an emerging paradigm in cellular physiology. Altogether, our studies demonstrate how phase separation enhances MT nucleation while simultaneously conferring spatial control of MT nucleation.

The studies described above deciphered the roles of individual key players in branching MT nucleation. Next, we focused on understanding how all of these proteins work together to give rise to a MT network, which is critical for cell division. We purified the nucleator γ-TuRC (2.2 MDa, ∼30 proteins), as well as the branching effectors augmin (∼450 kDa, eight proteins) and TPX2. Using these components, we biochemically reconstituted branching MT nucleation from a preexisiting MT in vitro. This reconstitution took many years and hands to pursue, while it was not sure whether it could ever be done. Our work demonstrates how γ-TuRC is brought to its nucleation site for branching MT nucleation. It also provides a blueprint for other MT nucleation pathways. Finally, this work opens the door for reconstituting the mitotic spindle and larger cellular MT structures in order to further our understanding of how they are engineered. Having obtained a better understanding of the molecular steps required for branching MT nucleation, we asked whether we can devise the building plan for branched MT networks. We used computational modeling combined with experiments to explain their spatiotemporal MT organization.

These two studies explain, in vitro and in extract, how MT nucleation and its regulation give rise to a complete MT nucleation pathway that generates a specific MT architecture. This was possible only after carefully understanding each protein factor involved. This work is instructive for how other MT organizing centers create particular MT architectures and contributes to our understanding of how the MT cytoskeleton of the cell is generated to support cell function.

TRANSITIONING A BRAND NEW LAB INTO A MATURE ONE BASED ON THE PRINCIPLES OF BASKETBALL
=====================================================================================

You are the sum of your experiences. If you want to understand a principal investigator (PI), you need to understand the PI's history. My first formative experience was that my parents always supported the interests of my brother and me, and thereby set a path for life-long discovery. While trying many different hobbies, I got hooked by track and field and basketball. I became German Youth Champion in the Pentathlon and played in the basketball youth national team. Competitive sports taught me how to set high goals, to work hard toward them, to manage time and be self-­disciplined, to endure failure only to try again, to motivate one another, and to have fun as a part of a team. I often traveled for practice and games, and enjoyed seeing Europe. Inspired by an older national team player, to venture further out into the world I spent a year in the United States as a senior in high school, living with a host family. This experience impacted me so much that I became inspired to live in different countries for the rest of my life. During this year abroad, the biochemistry spark in me got ignited. When I first heard about the central dogma, I knew I needed to study the basis of life. Upon my return from my year abroad, I landed a job in a professional basketball team in Germany while finishing the last two years of German high school. Although I quit basketball upon starting my undergraduate studies, it has been an integral part of my life, and at times I cannot help but think in the language of basketball.

Starting a lab is a unique process that shares similarities with assembling a basketball team. I described this process in an article of the WICB newsletter ([@B2]) that highlights the importance of management training. This is a time when you get to realize your dream and build your vision of a research lab. It sounds like it should follow a precise plan, and often young PIs micromanage their team. This is analogous to the inexperienced basketball coach who has a set of strategies prepared and trains the players to run through them by rote. What it does not prepare the players for, though, is to adapt the strategies to another team and an actual game setting.

While micromanagement may be necessary in the very beginning to train the first lab members and guide the way, a transition occurs after the lab is actually running. In my case, this happened in year 3 when lab members came up with their own ideas and tried them without telling me. In fact, I realized that my lab was fully functional when an experiment that I did not think would yield an interesting result actually led to a discovery. This is the point where the basketball team starts out with the learned game strategy, but then adjusts to the defense in order to find an open way to the basket for scoring. The strategy and training is only helping set up the situation, and then relies on the players to execute their own moves.

In the beginning, I carefully selected the team members of my lab. A few years in, I included all lab members in this process. I consulted with everyone after an interview to solicit the team's assessment whether they want to work with the candidate. There was not one case where our assessments differed. Within a few years, we had a variety of expertise in the lab and my basketball team got filled with players in different positions. Besides biochemists, we had a developmental biologist, a structural biologist, a chemical engineer, and a physicist. Each member contributed to a lab culture that was more than the sum of its parts.

Besides our weekly lab meeting and journal club, I met regularly with each lab member for a progress discussion with the goal to help guide them along the way. Occasionally, I would meet with several lab members when their projects intersected and they could help one another. At this transition point, lab members would autonomously have their own meetings and help one another, without me initiating it. It was at this point that I realized what an amazing lab had self-assembled in front of me, when the players practice without the coach. I felt like LeBron James, who was apparently crying when he saw Bronny practice before dawn in the driveway ([@B1]). The strengths of a team are measured by each individual member. The strength of each member is the team. This is true on the field and in the lab, driven by the team members just as much as by the coach, and this is where the magic happens.

Six years into running my lab, I admit that many things did not go as planned, and that is a good thing. We deviated from the strategies and adjusted to challenges. We made discoveries I did not know we would make. Lab members took the lab in new directions and contributed their personalities and talents to the team. By doing that, we achieved more than I thought would be possible, and I could not be more proud of my team. It gave me new confidence that while I may guide us toward the next big research question, deviations from the game strategy and letting go are needed in order to make a discovery. It's hard to say what is more thrilling and fun---playing basketball or running a research lab.

![The lab photos depict a polymerizing MT (top) and depolymerizing MTs with curling protofilaments (bottom), which characterize MTdynamics. Right panel (image created by Janet Iwasa): Microtubules (red) with growing MT plus ends (yellow) nucleate from a centrosome (top) and via branching MT nucleation (bottom). MTs are nucleated by the universal MT nucleation module consisting of the gamma-tubulin ring complex (green schematic) and XMAP215 (blue).](mbc-30-2859-g002){#F1}
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I had tremendous mentors in Venki Ramakrishnan and Ron Vale during my PhD and Post-doc, respectively. Besides learning how to pursue research on a technical and daily basis, they taught me how to identify the most important scientific questions and how to run a successful research lab. I also benefited from their lab environments, in which almost every lab member ended up becoming a PI, making this dream tangible for myself. I thank all past and current members of the Petry lab, with whom it has been a privilege to work and who are holding true to our lab motto: it is always impossible until it is done. Last but not least, I thank my family and friends, in particular my parents, spouse, and children, who supported me during every step of this journey.
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